Abstract Xenotransplantation is a potential solution to the organ donor shortage. Immunosuppression is required for successful application of xenotransplantation but may lead to infection and cancer. Thus, strategies for immune tolerance induction need to be developed. Polyclonal regulatory T cells (Treg) play a central role in the induction and maintenance of immune tolerance and have been shown to protect against islet xenograft rejection in vivo. However, global immune suppression may be mediated by polyclonal Treg immunotherapy and a simple method for in vitro expansion of xenoantigen-specific Treg for efficient Treg application becomes necessary. Human Treg isolated from peripheral blood mononuclear cells (PBMCs) were initially cultured with anti-CD3/CD28 beads, rapamycin and IL-2 for 7 days as polyclonal expansion. Expanded Treg were then cocultured with irradiated porcine PBMC as xenoantigen stimulation for three subsequent cycles with 7 days for each cycle in the presence of IL-2 and anti-CD3/CD28 beads. Treg phenotype and suppressive capacity were assessed after each cycle of xenoantigen stimulation. Treg expanded with one cycle of xenoantigen stimulation retained Treg suppressive phenotype but acquired no xenoantigen specificity along with poor expansion efficiency, whereas expansion with twocycle xenoantigen stimulation resulted in not only more than 800-fold Treg expansion but highly suppressive xenoantigen-specific Treg with effector Treg phenotype. However further increase of stimulation cycles resulted in reduced Treg suppressive potency. This study provides a simple approach to obtain high numbers of xenoantigen-specific Treg for immune tolerance induction in xenotransplantation.
Introduction
The shortage of organs and cells from deceased donors continues to restrict allotransplantation. Xenotransplantation (e.g., from pigs to people) provides a potential solution to this issue (Buhler 2012) . However, xenogeneic rejection mediated by T cell response is one of major barriers to be overcome for clinical application of xenotransplantation. Although life-long systemic immunosuppression decreases the incidence of xenograft rejection, this is inevitably accompanied by increased infection and cancer due to its nonspecific effects (Lechler et al. 2005) . Thus, clinically applicable strategies for immunomodulation need be developed to achieve tolerance to transplants by reducing or eliminating the requirement of immunosuppression. Regulatory T cells (Treg) have emerged as critically important for the control of autoimmunity and for the maintenance of allograft tolerance Brusko et al. 2008; Wood and Sakaguchi 2003; Golshayan et al. 2007) . Recent studies have shown that human Treg are capable of suppressing CD4
? CD25 -effector T cell-mediated anti-pig cellular response in vitro (Porter and Bloom 2005; Sun et al. 2010a, b; Wu et al. 2008) and that adoptive transfer with in vitro polyclonally expanded human Treg prevents islet xenograft rejection by suppressing effector T cell responses (Yi et al. 2012 ). This raises the possibility that Treg may be used therapeutically at the time of xenotransplantation to reduce the requirement of systemic immunosuppression (Muller et al. 2012; O'Connell et al. 2010; Muller et al. 2009 ). However, the infused polyclonal Treg may also deliver panimmunosuppressive effects, such as opportunistic infections and tumor-growth. Studies with transplantation animal models and immune monitoring of transplant patients indicate that these side effects could be avoided by specific suppression of the expansion of donor-alloreactive effector T cells after transplantation, which can be achieved by using donor allospecific Treg that are more effective at preventing allograft and improving clinical outcome than polyclonal Treg (Masteller et al. 2006; Peters et al. 2008; Sagoo et al. 2011) .
For the xenotransplantation setting, little is known on how to generate sufficient numbers of xenoantigenspecific human Treg ex vivo from naturally occurring Treg. In this study we developed a strategy to obtain human Treg with xenoantigen specificity in large scale for use in xenotransplantation. These Treg demonstrated the superior efficacy of xenoantigen-specific suppression of xenoreactive responder cells when compared to polyclonal Treg.
Materials and methods

Cell isolation
Human PBMC were obtained from healthy donors (60-100 ml blood, healthy donors were from Center for Transplant and Renal Research, Westmead Hospital) using density gradient centrifugation over Ficoll-Paque (Amersham Biosciences, Uppsala, Sweden) for isolation of human Treg. Crucial to this process is the identification of markers that permit the isolation of pure Treg population for further expansion. The inverse correlation between the IL-7 receptor-a (CD127) subunit and the suppressive capacity of human CD4
? CD25 ? Treg provides an additional potential target to isolate and expand human Treg with increased suppressive function ex vivo (Liu et al. 2006; Nadig et al. 2010 USA), and 100 nM rapamycin (Sigma) at 37°C and 5 % CO 2 , in the presence of 400 U/ml IL-2 (Chiron, Emeryville, CA, USA) and T cell expander beads (CD3/CD28 Dynabeads; Invitrogen Dynal) at a ratio of 4 beads per cell for 7 days as polyclonal stimulation. The polyclonally stimulated Treg were then expanded with three subsequent cycles of xenoantigen stimulation (7 days per cycle) using irradiated (30 Gy) pig PBMC at a 4:1 ratio of xenoPBMC:Treg in the presence of 400 U/ml IL-2 and T cell expander beads at a 1:1 ratio of beads:Treg (Fig. 1 ). Cells along with their culture medium were split into three wells of 96-well round bottom plates every 2 or 3 days when they reached to 5 9 10 5 , and fresh RPMI 1640 medium was added to each well up to 200 ll. After each stimulation cycle expanded Treg were harvested for the subsequent experiments. Treg expanded as described above but in the absence of pig PBMC were used as polyclonally expanded Treg in this study (Fig. 1 ).
Flow cytometry
Expanded Treg collected at the end of each stimulation cycle were used for flow cytometric analysis of Treg phenotype. Cells were surfaced stained with fluorescently coupled antibodies specific for human antigens CD4, CD127, CD62L (purchased from BD, San Jose, CA, USA), CD25, CD45RA, CD45RO (purchased from eBioscience, San Diego, CA, USA), and glucocorticoid-induced TNFR-related protein (GITR) (purchased from R&D System, Minneapolis, MN, USA), respectively in staining buffer (1 % bovine serum albumin and 0.1 % sodium azide in phosphate-buffered saline) at 4°C for 30 min followed by fixation and permeabilization (Fix/Perm buffer, eBioscience) and intracellular staining with fluorescently coupled anti Foxp3 (eBioscience) and cytotoxic T-lymphocyte antigen-4 (CTLA-4) (BD) antibodies respectively in permeabilization buffer (eBioscience) for 60 min at 4°C. Flow cytometric data were acquired using an LSRII flow cytometer (BD) and analysed using FlowJo software version 7.5.5 (Treestar, Ashland, OR, USA).
Real-time PCR
Expanded Treg collected at the end of each stimulation cycle were used to extract RNA for Real-time PCR (Sun et al. 2010b) . PCR primers specific for human IL-10, TGF-b and GAPDH are summarized in Table 1 . Treg suppression assay Treg in vitro suppressive activity was assessed by mixed lymphocyte reaction (MLR) assay. Human CD4 ? CD25 -T cells were labeled with 5 lM 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE; Invitrogen). 5 9 10 4 CFSE-labeled CD4
?
CD25
-T cells were stimulated with 5 lg/ml antihuman CD3 mAb and 2 lg/ml anti-human CD28 mAb (BD) or 1 9 10 5 irradiated (30 Gy) xenogeneic PBMC either from the same pig used to expand Treg or from a different breed of pig in the presence or absence of serial dilutions of polyclonally or xenoantigen expanded autologous Treg for polyclonal or xenogeneic MLR assay, respectively, in each well of round-bottom 96-well plates with RPMI 1640 medium (Invitrogen) containing 10 % human AB serum for 7 days. After MLR assay, cells were stained with APC-conjugated anti-CD25 mAb prior to analysis of CFSE dilution by flow cytometry. 
-T cells) 9 100 %.
Statistics
Results were analyzed using Student's two-tailed t test and were presented as mean ± SD. P \ 0.05 was considered as significant.
Results
High numbers of human Treg are obtained after expansion with porcine xenoantigen stimulation
Stimulation with CD3/CD28 beads has been widely used for large scale in vitro expansion of polyclonal human Treg (Wu et al. 2008; Hoffmann et al. 2004; Ruitenberg et al. 2011; Qian et al. 2011; Yi et al. 2012) . Without using CD3/CD28 beads lower numbers of human Treg could be expanded by specific antigen stimulation alone than that expanded with polyclonal stimulation (Fan et al. 2012 ). This finding was also supported by our preliminary experiments, showing that human CD4 ? CD25 ? CD127 lo Treg stimulated in vitro with porcine xenoantigen alone for 3 weeks were expanded less than 50-fold (data not shown). In order to obtain high numbers of xenoantigen specific Treg, we tested an ex vivo Treg expansion strategy in this study by combining irradiated pig PBMC and CD3/CD28 beads to stimulate human Treg for three subsequent cycles and evaluated the effect of each stimulation cycle on Treg expansion. Fluorescence-activated cell sorting analysis of expanded Treg purity was performed at the end of each stimulation cycle. Treg purity was presented as the percentage of CD4
? CD25 ? CD127 lo cells in Treg populations examined after each cycle of expansion. The percentage of cell purity after each stimulation cycle was 98.6 ± 1.7, 96.1 ± 3.0 and 92.4 ± 3.3, respectively for xenoantigen expanded Treg, and 98.9 ± 1.1, 95.8 ± 3.8 and 96.0 ± 3.3, respectively for polyclonally expanded Treg. Cell numbers were counted by trypan blue exclusion method at the end of each stimulation cycle. The percentage of cell viability after each stimulation cycles was 97.8 ± 2.3, 94.9 ± 4.5 and 87.5 ± 4.4, respectively for xenoantigen expanded Treg, and 98.2 ± 1.1, 94.8 ± 2.0 and (Table 2) , as a purity control, expressed high-level of CD4, CD25, Foxp3 and lowlevel of CD127 (Fig. 3a) . Similar to Treg expanded with polyclonal stimulation (Pc-Treg), Treg expanded with xenoantigen stimulation (Xn-Treg) retained Treg regulatory phenotype, with high level of expression of CD25, Foxp3, GITR, CTLA-4, CD62L while maintaining a very low expression of CD127 after the primary and second stimulation cycles (Fig. 3b) two and three expansion cycles, respectively vs. 46.9 and 30.8 % of polyclonally expanded Treg expressed CD45RA after two and three stimulation cycles, respectively) (Sakaguchi et al. 2010 ) when compared to their polyclonal counterparts (Fig. 3b) . Then mRNA expression of Treg cytokines interleukin (IL)-10, transforming growth factor (TGF)-b in Xn-Treg and Pc-Treg after each round of stimulation were assessed by real-time PCR. Figure 4 shows that expanded Treg stimulated under either polyclonal or xenoantigen condition expressed a slightly elevated level of TGF-b after the second stimulation cycle than that after the primary and third stimulation cycle, respectively ( Fig. 4b) , though no significant difference in TGF-b gene expression was found between Xn-Treg and PcTreg. However, after the second stimulation cycle, IL-10 gene expression was upregulated in xenoantigen but not polyconally stimulated Treg (Fig. 4a , P \ 0.01), and the higher level of IL-10 gene expression in XnTreg was still detectable after three cycles of stimulation when compared to their Pc-Treg counterparts (3.2-fold higher IL-10 gene expression in Xn-Treg vs. Pc-Treg) (Fig. 4a) . Collectively, these data demonstrated that Treg expanded in vitro with two or three cycles of xenoantigen-but not polyclonal-stimulation possessed the phenotypic characteristic of effector Treg, an important indicator for enhanced Treg function in immune suppression (Taams et al. 2002; Dieckmann et al. 2001; Baecher-Allan et al. 2006 ). Furthermore, the increased level of Treg effector cytokine IL-10 gene expression by xenoantigen-stimulated Treg suggested that Xn-Treg may acquire potent suppressive activity in xenogeneic responses both in vitro and in vivo via IL-10-involved mechanisms (Sun et al. 2010a, b; Yi et al. 2012) .
Two cycles of xenoantigen stimulation leads to expansion of highly xenoantigen-specific human Treg
We hypothesized that xenoantigen-specific Treg should have stronger suppressive capacity than that polyclonal Treg would demonstrate in xenogeneic but not non-specific (e.g., polyclonal stimulation) immune response. The capacity and xenoantigen specificity of expanded Treg in suppression of xenogeneic and nonspecific responses were assessed by MLR assay using CFSE-labelled CD4 ? CD25 -T cells as responder cells. Both Pc-and Xn-Treg collected at the end of each expansion cycle demonstrated similar potency in suppression of CD4
? CD25 -T cell proliferation in polyclonally stimulated MLR (Poly MLR) in a Treg number dependent manner (Fig. 5a ), suggesting that xenoantigen stimulation did not enhance Treg suppressive capacity in polyclonally stimulated response. However compared with two cycles of stimulation, three cycles of stimulation resulted in reduced suppressive potency of both Pc-and Xn-Treg at all responder cells:Treg ratios in polyclonally stimulated response (Fig. 5a ), indicating that increase of stimulation cycles to three for either polyclonal or xenoantigen expansion did not further increase, but reduced Treg suppressive potency in antigen nonspecific immune response. By contrast, in xenoantigen driven MLR (Xeno MLR) Treg expanded with two cycles of xenoantigen stimulation showed very strong suppressive capacity in xenogeneic response, evidenced by [50 and [40 % suppression of responder cell proliferation at high responder cells:Treg ratios of 8:1 and 16:1, respectively (Fig. 5b) , whereas only 28 % (P \ 0.01) suppression of xenoreactive responder cell proliferation was achieved at a 8:1 ratio of responder cells:Treg by using Pc-Treg expanded with two-cycle stimulation in xeno MLR, and at least, a fourfold more Pc-Treg (responder cells:Treg ratio of 4:1) were required to achieve a similar level of [50 % suppression shown by Xn-Treg (Fig. 5b) . These results suggest that Treg with enhanced suppressive capacity and high xenoantigen specificity were obtained after two cycles of expansion with xenoantigen stimulation. Increase of xenoantigen stimulation cycles further enriched xenoantigen specificity in Treg expanded with three cycles of xenoantigen stimulation, showing enhanced xenoantigen-specific suppression of Fig. 3 Phenotypical characterization of expanded Treg. Phenotype of Xn-Treg and Pc-Treg expanded as described in Fig. 1 were analyzed by flow cytometry. Gates were set on CD4 
CD25
? cells co-expressing individual Treg markers tested. Fresh isolated Treg, as a purity control, expressed high-level of CD4, CD25, Foxp3 and low-level of CD127 is displayed in a. b presents expression of CD25, CD127, CD62L, GITR, CD45RA, CD45RO and HLA-DR and intracellular expression of Foxp3 and CTLA-4 of Xn-Treg, PcTreg and isotype controls after each round of stimulation. Data are representative of three independent experiments expanded with three cycles of polyclonal stimulation ( Fig. 5b , P \ 0.05). Nevertheless, similar to that seen in polyclonally stimulated MLR (Fig. 5a ) both Pc-and Xn-Treg expanded with three-cycle stimulation demonstrated impaired suppressive capacity at all ratios of responder cells:Treg tested in xenoMLR when compared to that expanded with two-cycle stimulation (Fig. 5b) . Taken together, our results suggest that multiple expansion cycles, regardless of the mode of stimulation, may lead to reduced suppressive capacity due to cell exhaustion and subsequent cell death (Peters et al. 2008) . The xenoantigen specificity in suppression of xenogeneic response shown by xenoantigen stimulated Treg was not detected when Treg expanded with one cycle of xenoantigen stimulation were assessed in xenoantigen-stimulated MLR, as indicated by a similar suppressive potency revealed by both Pc-and Xn-Treg at all ratios tested (Fig. 5b) , suggesting that one cycle of xenoantigen stimulation was not efficient to induce xenoantigen specificity in expanded Treg. Moreover, compared with suppression of the response to the same Westran pig PBMC, XnTreg could also but in a twofold less efficient manner, suppress the proliferation response against xenogeneic PBMC stimulator cells obtained from a third party pig differing from Westran pig used in the expansion of protocol (Fig. 5c) . Collectively, our results indicated that a large number of porcine xenoantigen specific Treg with highly suppressive capacity was generated from human CD4
? CD25 ? CD127 lo Treg by in vitro expansion with two cycles of xenoantigen stimulation, and the enhanced suppression of the xenogeneic response by xenoantigen specific Treg was associated with their acquisition of effector Treg phenotype.
Discussion
Large scale ex vivo Treg expansion is required to obtain high numbers of functional human Treg for effective Treg immunotherapy to induce tolerance to xenografts. Selection and use of antigen-specific Treg has been proposed to improve Treg therapeutic efficiency and lower the risk for unwanted nonspecific immune suppression caused by transferring large numbers of polyclonal Treg (Koenecke et al. 2009; Hall et al. 2009; Peters et al. 2008; Veerapathran et al. 2011) . Recent studies have shown that ex vivo expanded alloantigen specific Treg obtained enhanced suppressive capacity in allogeneic responses in vitro (Peters et al. 2008; Golshayan et al. 2007 ) and were more potent than polyclonal Treg in protecting against alloimmune-mediated injury of human skin grafts in a humanized mouse model (Yamano et al. 2011; Sagoo et al. 2011 ). However, strategies for large scale expansion of xenoantigen-specific human Treg remain to be developed. To develop a successful strategy for obtaining large numbers of xenoantigen-specific human Treg, we hypothesized that it might be practical to combine polyclonal stimulation with CD3/CD28 beads to enhance expansion, and xenoantigen specific stimulation with pig PBMC to selectively boost xenoantigen-specific Treg. Our results show that by applying this protocol high numbers of Treg with enhanced suppressive capacity and xenoantigen-specificity were obtained in only two cycles of expansion, and the acquisition of xenoantigen-specificity was associated with the upregulated expression of effector Treg markers, CD45RO and HLA-DR (Booth et al. 2010; Schaier et al. 2012; Sakaguchi et al. 2010; Baecher-Allan et al. 2006; Kleinewietfeld et al. 2005) by xenoantigen expanded Treg. However, Treg expanded with one cycle of xenoantigen stimulation were not enriched for xenoantigen-specificity as xenogeneic response was suppressed equally well by both polyclonally-and xenoantigen-stimulated Treg, which was due, at least in part to their unchanged CD45RO expression in comparison with their counterparts with one cycle of polyclonal stimulation. To further enhance xenoantigen-specificity, it might be an option to repeat xenoantigen stimulation for multiple cycles, which in theory would progressively enrich for strictly antigen-specific Treg. Despite that their xenoantigen-specificity was further enriched Treg expanded with three stimulation cycles, regardless of the stimulation mode used, lost their potent suppression in both polyclonally-and xenoantigen-stimulated responses. The reduction of Treg suppressive capacity was most likely to be due to downregulated expression of Treg functional markers Foxp3 and CTLA-4 (Jain et al. 2010; Wing et al. 2008; Tai et al. 2012; Marson b Fig. 5 Suppressive capacity of expanded Treg in MLR assays.
After each stimulation cycle expanded Xn-Treg and Pc-Treg were used for assessment of suppressive capacity in polyclonally stimulated (Poly MLR) (a) and xenogeneic (Xeno MLR) (b) responses, respectively. CFSE labeled CD4 ? CD25 -T cells were stimulated with irradiated xenogeneic pig PBMC as xenogeneic stimulation or with anti-human CD3 mAb and antihuman CD28 mAb as polyclonal stimulation, in the absence or presence of serial dilutions of Xn-Treg or Pc-Treg for 7 days prior to measurement of CD4 ?
CD25
-T cell proliferation by CFSE dilution. Irradiated xenogeneic PBMC from Landrace and Large White cross pigs were used to stimulate CFSE labeled CD4 ?
-T cells in the absence or presence of serial dilutions of Xn-Treg after each expansion cycle for a third party xeno MLR assay (Third Party Xeno MLR) (c). The percent proliferating CD4
? CD25 -T cells in the absence of Treg was taken as 100 % of proliferation and 0 % of suppression. Percent suppression of proliferating CD4 ?
-T cells was determined as % suppression = (percent proliferating CD4 
-T cells) 9 100 %. Data are shown as mean ± SD of three independent experiments. *P \ 0.05 and **P \ 0.01 Cytotechnology (2016 Cytotechnology ( ) 68:935-945 943 et al. 2007 Yamaguchi et al. 2011 ) detected in Treg expanded with three stimulation cycles. Thus, these findings indicate that the protocol applying a combination of one initial polyclonal expansion cycle and two subsequent cycles of xenoantigen stimulation would become a practical strategy to obtain high numbers of porcine xenoantigen-specific human Treg. Indeed, the use of two expansion cycles has been reported to be more efficient than any other cycles for expansion of highly suppressive alloantigen-specific human Treg in large numbers (Peters et al. 2008; Fan et al. 2012 ).
Here we have provided a simple and feasible method to generate high numbers of xenoantigen-specific human Treg for immunotherapeutic purpose in xenotransplantation, aiming at inducing xenograft tolerance while minimizing non-specific immunosuppression.
